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During hindbrain development, segmental regulation of the paralogous Hoxa2 and Hoxb2 genes in rhombomeres (r) 3 and
involves Krox20-dependent enhancers that have been conserved during the duplication of the vertebrate Hox clusters from
a common ancestor. Examining these evolutionarily related control regions could provide important insight into the degree
to which the basic Krox20-dependent mechanisms, cis-regulatory components, and their organization have been conserved.
Toward this goal we have performed a detailed functional analysis of a mouse Hoxa2 enhancer capable of directing reporter
expression in r3 and r5. The combined activities of five separate cis-regions, in addition to the conserved Krox20 binding
sites, are involved in mediating enhancer function. A CTTT (BoxA) motif adjacent to the Krox20 binding sites is important
for r3/r5 activity. The BoxA motif is similar to one (Box1) found in the Hoxb2 enhancer and indicates that the close
roximity of these Box motifs to Krox20 sites is a common feature of Krox20 targets in vivo. Two other rhombomeric
lements (RE1 and RE3) are essential for r3/r5 activity and share common TCT motifs, indicating that they interact with
similar cofactor(s). TCT motifs are also found in the Hoxb2 enhancer, suggesting that they may be another common
eature of Krox20-dependent control regions. The two remaining Hoxa2 cis-elements, RE2 and RE4, are not conserved in the
oxb2 enhancer and define differences in some of components that can contribute to the Krox20-dependent activities of
hese enhancers. Furthermore, analysis of regulatory activities of these enhancers in a Krox20 mutant background has
uncovered differences in their degree of dependence upon Krox20 for segmental expression. Together, this work has revealed
a surprising degree of complexity in the number of cis-elements and regulatory components that contribute to segmental
expression mediated by Krox20 and sheds light on the diversity and evolution of Krox20 target sites and Hox regulatory
elements in vertebrates. © 2001 Academic Press
Key Words: Krox20; Hoxa2; Hoxb2; hindbrain segmentation; rhombomeres; transgenic mice; pattern formation;
vertebrate evolution; gene regulation.d
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lINTRODUCTION
The vertebrate hindbrain is organized in a metameric
manner, as a part of the mechanisms that generate regional
1 These authors contributed equally to this work.
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xfordshire OX11 0RD, UK.
3 Present address: Universite´ Joseph Fourrier, Institut Albert
onniot, Domaine de la Merci, 38706 La Tronche, Cedex France.
4 Present address: Instituto Cajal, CSIC, Avenida Doctor Arce 37,
8002 Madrid, Spain.
5 Present address: Stowers Institute for Medical Research, 1000
ast 50th Street, Kansas City, MO 64110.
6 To whom correspondence should be addressed at present ad-hress. Fax: (816) 926-2008. E-mail: rek@stowers-institute.org.
468iversity during head development. A number of functional
nd regulatory studies have demonstrated that the process
f hindbrain segmentation is controlled by several different
ypes of transcription factors that are involved in multiple
teps during the formation and patterning of rhombomeric
egments (Trainor et al., 2000). For example, the zinc finger
ontaining gene Krox20 is expressed in a conserved manner
n the future rhombomere (r) 3 and 5 territories (Bradley et
l., 1992; Nieto et al., 1991; Oxtoby and Jowett, 1993;
ilkinson et al., 1989) and both of these segments and their
erivatives are eventually lost in Krox202/2 mouse mu-
ant embryos (Jacquin et al., 1996; Schneider-Maunoury et
l., 1993, 1997; Seitanidou et al., 1997; Swiatek and Grid-
ey, 1993). Hence, Krox20 functions in an early phase of
indbrain segmentation to control the formation, growth,
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469Differences in Krox20 Regulation of Hoxa2 and Hoxb2FIG. 1. Transgenic constructs and regulatory analysis of the mouse Hoxa2 r3/r5 enhancer. At the top is a diagram of the Hoxa2 59 flanking
region indicating the relative position of an 809-bp BglII fragment that contains elements for directing expression in r3/r5 and in r4 derived
neural crest cells. Below the restriction map of the 809-bp fragment is a list of the 23 variants linked to a lacZ reporter gene and tested for
regulatory activity. At the bottom is a diagram illustrating the critical r3/r5 cis-regulatory regions (rhombomeric elements RE1-RE4 plus
Krox20 and Box motifs) defined by the transgenic analysis. AP2/NC indicates the position of r4 neural crest regulatory elements in the
enhancer. At the right is a table indicating whether gene expression occurs in r3 or r5 for each construct and the relative frequency of
transgene expression. Transgenic embryos (Tg) were identified by PCR, and Exp/Tg indicates the total number of embryos expressing the
transgene over the total number of transgenic embryos for each construct. (1) indicates reproducible rhombomeric staining in all embryos
expressing the transgene and (2) indicates an absence of specific rhombomere staining, even though the transgene may express in other
regions. (1/2) indicates cases where staining in r3 or r5 was seen in some but not all embryos expressing the transgene. (e) indicates
embryos displaying ectopic expression showing that the transgene is able to function even though staining is absent in both r3 and r5.
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470 Maconochie et al.and/or maintenance of rhombomeres. Krox20 also directly
egulates restricted expression of the Hoxa2, Hoxb2, and
phA4 genes in r3 and r5, through the presence of Krox20
inding sites in enhancers flanking these genes (Nonchev et
l., 1996a,b; Sham et al., 1993; Theil et al., 1998; Vesque et
l., 1996). Hoxa2 and Hoxb2, like other Hox genes, have
roles in regulating rhombomere identity (Barrow and
Capecchi, 1996; Davenne et al., 1999; Gavalas et al., 1997,
1998; Studer et al., 1996, 1998) and the EphA4 tyrosine
inase receptor gene is involved in restricting cell migra-
ion between adjacent rhombomeres (Mellitzer et al., 1999;
u et al., 1995, 1999). Therefore, in later stages of hindbrain
egmentation Krox20 also participates in coordinating the
ontrol of axial identity and cell lineage restrictions, under-
coring its multiple roles in segmental patterning.
The Krox20-dependent r3/r5 enhancers from Hoxa2,
oxb2, and EphA4 all contain multiple Krox20 binding
FIG. 2. Mutation of the Hoxa2 CTTT BoxA motif and deletion ana
(A–J) Dorsal or lateral views of the hindbrains of 9.0- to 9.5-dpc tran
either above (A–E) or below (F–J) each panel and details of each con
expression in the r3 domain and the white arrow indicates the absites that contribute to their regulatory activity (Nonchev K
Copyright © 2001 by Academic Press. All rightt al., 1996b; Sham et al., 1993; Theil et al., 1998). However,
hile the Krox20 sites are necessary, they are not sufficient
o reconstruct enhancer activity (Nonchev et al., 1996b;
ham et al., 1993; Vesque et al., 1996). This suggests that
dditional cofactors interacting with Krox20 or working
hrough associated cis-elements are essential for potentiat-
ng its regulatory activity in the hindbrain. In support of
his idea, analyses have revealed the presence of a conserved
-bp 59-GNAT/ACTTT-39 motif (Box1), located 17–19 bp
pstream of a key Krox20 site, in the mouse, human, and
hicken Hoxb2 enhancer that is required for its ability to
ediate r3/r5 expression (Vesque et al., 1996). Multimers of
he Krox20 site alone linked to a reporter display no
ctivity, but three copies of a sequence containing the Box1
otif plus the Krox20 site direct strong reporter staining in
3 and r5 (Vesque et al., 1996). Furthermore, the NAB1 and
AB2 proteins have been found to physically interact with
of 59 sequences show additional sites required for r3/r5 expression.
ic mouse embryos. The construct carried by each embryo is noted
t are found in Fig. 1A. The solid black arrowhead indicates loss of
of r5 expression. nc, neural crest; ov, otic vesicle.lysis
sgen
strucrox20 and related EGR zinc finger family members, acting
s of reproduction in any form reserved.
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471Differences in Krox20 Regulation of Hoxa2 and Hoxb2as corepressors to antagonize their transcriptional activity
in both cultured cells and zebrafish embryos (Mechta-
Grigoriou et al., 2000; Svaren et al., 1998). Interestingly,
these NAB corepressors are themselves under control by
Krox20, generating a negative feedback loop, suggesting
hat they may be important in hindbrain regulation (Sevet-
on et al., 2000). Recently it has been demonstrated that
AB proteins can also serve as coactivators of the EGR/
rox20-related proteins on certain promoters (LH-beta) and
that in this case the consensus binding sites are fewer in
FIG. 3. Organization, conservation, and alignment of control regi
of the sequence of the mouse and chick enhancers. Dashes indicate
sequence boxes correspond to the functional regions uncovered by t
are indicated above each box and their general organization and act
TCT motifs found in the human (h), mouse (m), and chick (c) Hoxa
human, mouse, chick, and pufferfish (f) Hoxa2, Hoxb2, and EphA4number and display a lower binding affinity than those in i
Copyright © 2001 by Academic Press. All rightther targets (Sevetson et al., 2000). Together these studies
ndicate that the nature and context of Krox20 sites in a
arget gene can differentially influence transcriptional ac-
ivity dependent upon Krox20.
To gain more information on how Krox20 regulates target
enes, it would be valuable to have a better understanding
f what constitutes functional in vivo sites capable of
ediating activation by Krox20. Hence, as a first step it is
mportant to define the cis-elements essential for potenti-
ting regulatory activity, and this would also be helpful in
governing r3/r5 activity of the Hoxa2 enhancer. (A) An alignment
tical bases and underscore gaps in alignment. The different colored
ansgenic regulatory analysis. The names of the respective elements
are diagrammed at the top of the panel. (B) Alignment of the 8-bp
xb2, and EphA4 enhancers. (C) Alignment of the Box motifs in the
ancers.ons
iden
he tr
ivity
2, Hodentifying cofactors working through these sites that par-
s of reproduction in any form reserved.
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472 Maconochie et al.ticipate in segmental regulation by Krox20. We previously
identified similarly positioned Krox20-dependent r3/r5 en-
hancers from the paralogous Hoxa2 and Hoxb2 genes that
ave been conserved following the duplication and diver-
ence of the vertebrate Hox clusters from a common
ncestor (Nonchev et al., 1996a,b; Sham et al., 1993; Vesque
t al., 1996). This provided a basis for comparing and
ontrasting the similarities of cis-regulatory requirements
or two different direct targets of Krox20 during hindbrain
egmentation. Toward this end, we have performed an
xtensive functional analysis of the Hoxa2 r3/r5 enhancer
n transgenic mice. These experiments have revealed that
nteractions between five cis-regions, in addition to the
rox20 binding sites, are involved in mediating the activity
f the enhancer in r3/r5. This analysis has also uncovered
mportant similarities and differences in the Krox20-
ependent activation of Hoxa2 and Hoxb2.
MATERIALS AND METHODS
DNA constructs. All deletion and mutation constructs for the
Hoxa2 and Hoxb2 enhancers were cloned into a vector containing a
acZ reporter gene linked to a minimal human b-globin promoter
(BGZ40) (Maconochie et al., 1997; Yee and Rigby, 1993). Constructs 1
and 2 are as previously described (Nonchev et al., 1996b). Construct 3
containing a 6-bp substitution (59-ctttgt-39 to 59-gatatc-39) in the Box
site was prepared by site-directed mutagenesis using the following
mutagenic oligonucleotide directed at 104–109 bp of the Hoxa2
enhancer: 59-gggctgcccacagcattggggatatccaggctgcgtgggtgaaaaagc-39.
Construct 4 was prepared by HindIII digestion of the wild-type en-
hancer (1). Small deletion constructs 5–8 were prepared using the
Sculptor in vitro mutagenesis system (Amersham) on M13 clones of
the Hoxa2 enhancer. Consecutive nonoverlapping 20-bp deletions
from the start of the Hoxa2 enhancer removed nucleotides 1–20,
21–40, 41–60, and 61–80 in constructs 5–8, respectively. Oligonucle-
otides used for mutagenesis were as follows (bases in boldface type
indicate sequence to be deleted and thus not present in oligo): 5,
59-gaaaacccttttctgagactgctccagcattcagatccccgggtaccgagctc-39; 6, 59-tca-
aaagccatctggaagaaaacccttttctgagactgctccagcattca-39; 7, 59-ccttcctcag-
ctgccttaattcaaaagccatctggaagaaaacccttttctg-39; and 8, 59-gtgggtgaaa-
aagctttttgccttcctcagctgccttaattcaaaagccatctg-39.
Deletion constructs 9–17 were prepared from the wild-type frag-
ment using the restriction enzymes indicated in Fig. 1, end-filled, and
ligated into the reporter vector. Constructs 18–21 are consecutive
deletions removing 15-bp nonoverlapping sequence elements corre-
sponding to bases 361–375, 376–390, 391–405, and 406–420 of the
Hoxa2 enhancer (Nonchev et al., 1996b). Oligonucleotides used for
site-directed mutagenesis are detailed below, with boldface type
indicating sequence to be deleted and not present in oligo: 18,
59-accaaaagccctgacagcttctggcccttaagaacacatctcagc-39; 19, 59-tgatcaatc-
ttgctcaccaaaagccctgacagcttctggccctta-39; 20, 59-aggaagtctgggtgtgatca-
atcttgctcaccaaaaagccctgac-39; and 21, 59-ccaaacaaagctctgaaggaagtct-
gggtgtgatcaatcttgctca-39.
Smaller 8-bp deletions of the Hoxa2 TCT motifs in constructs 22
and 23 were also prepared by site-directed mutagenesis using the
following oligonucleotides (boldface type indicates deleted se-
quence): 22, 59-ctgacagctgcttctggcccttaagaacacatctcagcttc-39; and
23, 59-ctgagactgctccagcattcagatccccgggtaccgag-39.
Mutations in the two Hoxb2 TCT motifs were generated by two
rounds of mutagenesis in the context of a 700-bp BamHI–BglII d
Copyright © 2001 by Academic Press. All rightenhancer upstream of Hoxb2 that directs reporter activity in r3/r5
and in r4 (Maconochie et al., 1997; Sham et al., 1993; Vesque et al.,
1996). First, TCT motif 1 was removed by an 8-bp deletion using
the oligonucleotide 59-cagtctgggctctggttgtcttaggagatccttggatgctg-
cag-39. Next, TCT motif 2 was replaced by a 10-bp deletion and a
1-bp insertion using the oligonucleotide 59-ttactgtacaggactcccttcca-
gacgagttactatttggattc-39.
Transgenic mice, reporter assays, and mouse breeding. Frag-
ments linked to the lacZ reporter gene were separated from vector
sequences by appropriate restriction enzyme digestion followed by
electrophoresis and extraction from agarose using glass milk
(Hogan et al., 1994). Transgenic embryos were generated by pro-
nuclear microinjection of fertilized eggs from crosses between F1
hybrids (CBA/C57Bl6), and LacZ reporter expression was assayed
by monitoring for b-galactosidase activity as previously described
(Whiting et al., 1991). Transgenic embryos were identified by PCR
analysis of yolk sac DNA using primers internal to the lacZ
reporter gene. The frequency or efficiency of transgene expression
is determined by the number of embryos expressing a given
construct over the total number of transgenic embryos obtained.
These numbers are provided in Fig. 1 as the ratio Exp/Tg. We scored
constructs as (1) for r3 or r5 only if every embryo that expressed the
relevant construct was positive in those domains. (2) indicates
cases where all embryos expressing the reporter in other sites
specifically lack a particular segmental domain, and (1/2) notes
cases where some but not all embryos were positive in the
rhombomeres but all embryos were positive in other sites. It is
important to note that in embryos with constructs 2, 4, and 23
listed as (2) for both r3 and r5, these constructs direct expression in
other domains by virtue of independent regulatory elements con-
tained in the enhancers. Such elements serve as internal controls
for transgene expression and integration site effects. Hence, in
these cases (2) refers to a specific loss of only rhombomeric
expression. For constructs 13 and 17, elements independent of r3
and r5 are not active. To ensure that a negative result is meaningful
in these cases, we generated larger numbers of embryos and scored
for examples where ectopic expression is detected to show that the
transgene is capable of expressing in some tissues, just not r3 or r5.
To examine the genetic dependence of the Hoxa2 and Hoxb2
r3/r5 enhancers on Krox20 activity, transgenic lines carrying these
enhancers linked to a lacZ reporter were mated into a Krox20
mutant background. The null allele generated by Swiatek and
Gridley (1993) was specifically used, as it was generated without
inserting a lacZ reporter to mark endogenous Krox20 expression,
but has a phenotype identical to that of another well-characterized
Krox20 mutant allele carrying a lacZ reporter (Schneider-
Maunoury et al., 1993). Krox20 mutant mice were bred, main-
ained, and genotyped as described (Swiatek and Gridley, 1993).
olonies of F1 heterozygous Krox202/Hox lacZ transgenic mice
were generated and transgenic embryos in a homozygous mutant
background at the desired stage were obtained by intercrossing of
the F1. The progeny were genotyped by PCR for both the transgene
and the Krox202/2 allele.
RESULTS
To investigate the cis-regulatory requirements for the
Krox20-dependent activity of a Hoxa2 segmental enhancer
n detail, we used as a starting point a previously identified
09-bp BglII fragment (Fig. 1, top). This region is capable of
irecting reporter expression in r3 and r5 and r4 derived
s of reproduction in any form reserved.
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473Differences in Krox20 Regulation of Hoxa2 and Hoxb2cranial and more posterior neural crest cells through sepa-
rate regulatory elements (Maconochie et al., 1999; Nonchev
et al., 1996b; and Figs. 2A and 2B). This fragment contains
two Krox20 binding sites essential for segmental regulatory
activity, since a mutation in these elements (construct 2)
leads to loss of activity in r3 and r5 (Fig. 2C). The mutation
does not affect expression in r4 derived neural crest cells
(Fig. 2C), but levels appear lower in posterior domains,
suggesting that the Krox20 sites may contribute to other
sites of enhancer activity in the embryo. In the context of
this 809-bp enhancer, we have generated a series of deletion
and mutation constructs and assayed for the effects of these
changes on reporter activity in the developing hindbrain of
transgenic mouse embryos (Fig. 1).
A CTTT/Box Motif Is Important for Expression
In the Hoxb2 r3/r5 enhancer there is an 8-bp motif (Box1)
that we had previously found to be essential for regulatory
activity (Vesque et al., 1996). Multimers of the Box1 motif
plus its adjacent Krox20 site themselves are sufficient to
mediate expression in r3 and r5 (Vesque et al., 1996).
Sequence alignment of the Hoxa2 enhancer from chick and
ouse indicates that there is a 6-bp motif (BoxA) adjacent
o Krox20 site 1, which is related to the Box1 motif in
oxb2 (Figs. 3A and 3C). These Box motifs define a core
onsensus sequence of 59-CTTTNN-39, with a preference
or GT in the last two positions (Fig. 3C). To test the
egulatory potential of the BoxA motif, we made a construct
ith multiple copies of a double-stranded oligonucleotide
panning both the BoxA and the Krox20 sites from mouse
oxa2 linked to a lacZ reporter but this construct lacked
he ability to direct segmental expression in the hindbrain
data not shown). However, mutating the Hoxa2 BoxA
otif by replacing the core 59-CTTTGT-39 with 59-
ATATC-39 in the context of the 809-bp enhancer (con-
truct 3) alters reporter expression. Expression in r3 is
ompletely abolished, but we still detect staining in r5 at
ower levels (Fig. 2D). This shows that the BoxA motif in
oxa2 is involved in regulating r3/r5 activity in conjunc-
ion with Krox20. When the Krox20 sites themselves are
utated, no reporter expression in r5 is observed (Fig. 2C).
his difference between the BoxA and Krox20 site muta-
ions suggests that there are additional elements in the
nhancer that depend upon the Krox20 sites to stimulate r5
xpression, albeit at reduced levels. Interestingly, these
lements are not able to potentiate expression in the r3
omain.
Rhombomere Element 1 (RE1) 5* of the Krox20
Sites Is Necessary for r3/r5 Activity
To search for other regions that cooperate with the
Krox20 and BoxA motifs to regulate enhancer activity, we
generated a series of deletions 59 of the Hoxa2 Krox20 sites
(constructs 4–8; Fig. 1A). An 82-bp 59 deletion that leaves
oth the Krox20 and the BoxA sites intact (construct 4) a
Copyright © 2001 by Academic Press. All rightompletely abolishes expression of the reporter in r3 and r5,
ut does not affect expression in r4 derived neural crest
ells (Fig. 2E). This indicates that sequences 59 to the
rox20 site are also important for segmental expression,
nd to further localize this new region we generated a series
f consecutive nonoverlapping 20-bp deletions (constructs
–8). Constructs 5–7 display similar and specific changes in
nhancer activity. In about half of all the embryos display-
ng reporter staining the domains of expression in r3 and r5
re completely lost, while expression is detected in other
egions (Figs. 2G and 2I; and data not shown). In the
emaining proportion of the embryos expression in r3 is
pecifically lost, but we can still detect staining in r5 (Figs.
F and 2H). The deletion in construct 8 does not abolish
eporter expression in r3 or r5 (Fig. 2J). These results
ndicate that the distal 60-bp sequence of the BglII fragment
efines a new domain, termed rhombomere element (RE1)
Fig. 3A), which contains essential binding sites for factors
hat contribute to enhancer activity in r3 and r5. While
utations in RE1 can eliminate r3 and r5 expression, the
nhancer is capable of potentiating r5 expression in about
alf of the embryos. As with the BoxA mutations (Fig. 2D),
his suggests that there are other elements in the enhancer
hat can stimulate expression in r5 but not in r3. Presum-
bly these additional elements are not sufficient to main-
ain activation in all integration sites, which results in the
oss of expression in both r3 and r5 in some embryos.
Multiple 3* Regions in the Enhancer Also
Contribute to r3/r5 Activity
To test whether any cis-elements in the region 39 of the
rox20 motifs also play a role in enhancer activity we
enerated a progressive series of 39 end (constructs 9–13)
and internal (14–17) deletions (Figs. 1 and 4). Removing part
or all of the terminal 359 bp (9–11) of the enhancer had no
effect on reporter expression in r3 and r5 (Fig. 4A; data not
shown). However, a further truncation of 91 bp to an AflII
ite (12) generates an enhancer with altered activity
hereby reporter expression in the r3 domain is completely
issing and staining in r5 is reduced (Fig. 4C). In agreement
ith these results, an internal deletion removing this same
1-bp region (AflII–BsrI; 16) also eliminated expression in r3
nd seemed to reduce staining in the r5 domain (Fig. 4F).
his defines another new region with elements that con-
ribute to potentiation of r3/r5 activity.
The 91-bp AflII–BsrI regulatory region was subjected to
urther analysis by creating a series of nonoverlapping 15-bp
eletions by site-directed mutagenesis (constructs 18–21;
ig. 1). The most 59 deletion of this series (18) abolished r3
xpression (Fig. 4G), while the adjacent deletion (19) re-
uced but did not eliminate the r3 domain of expression
Fig. 4H). In both of these cases there was intermediate
taining in r5. Deletion construct 20 functioned as wild
ype, but removal of the next 15 bp dramatically affected r3
nd r5 expression (Fig. 4I). These small deletions effectively
s of reproduction in any form reserved.
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474 Maconochie et al.define two separate domains in the 91-bp fragment, RE2 and
RE3, that are involved in r3 and r5 expression (Figs. 1 and 3).
An Element (RE4) Involved in Stimulating r5
Expression
It is interesting that in half of the embryos with the 39
FIG. 4. Deletion analysis defining four additional cis-regions critic
of 9.0- to 9.5-dpc transgenic mouse embryos stained for reporter ex
left in each panel and details of each construct are found in Fig. 1
domain and the white arrow indicates changes in the r5 expressioerminal deletion of the 91-bp region containing RE2 and t
Copyright © 2001 by Academic Press. All rightE3 (construct 12), we detected relatively strong staining in
5 (Fig. 4B). This is similar to the effects seen with deletions
n RE1 or BoxA motifs (Figs. 2D, 2F, and 2H). This pattern
f variable staining in r5, generated by the deletion of three
eparate regions in the enhancer, adds further support to the
dea that, in addition to the RE1–RE3, BoxA, and Krox20
lements, other sequences in the regulatory fragment have
enhancer activity in r3 and r5. (A–I) Dorsal views of the hindbrains
ion. The construct carried by each embryo is noted at the bottom
e solid black arrowhead indicates changes in expression in the r3
, otic vesicle.al for
presshe differential ability to potentiate r5 versus r3 activity. To
s of reproduction in any form reserved.
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Copyright © 2001 by Academic Press. All rightsearch for such sequences we generated variants of con-
struct 12 to assay for the region required for its variable
expression in r5. Deletion of 99 bp (DraI–AflII) 59 of RE3 (13)
completely abolishes the ability of the enhancer to express
in r5 (Fig. 4D). In 15 transgenic embryos with this construct
we never detected expression in r5, but 2 of these embryos
did display ectopic sites of expression in other tissues (Fig.
1; data not shown). This demonstrates that the transgene is
functional in some integration sites, but that its ability to
potentiate r5 expression is abolished. Hence, the 99-bp
DraI–AflII fragment defines a new rhombomeric element
(RE4) involved in r5 activity.
RE4 appears to function by elevating expression in r5 and
is dependent upon spatial elements such as the Krox20 sites
in the enhancer for its activity. It does not behave as a weak
r5 enhancer itself, as constructs with this region are unable
to mediate segmental expression in the hindbrain (data not
shown). To test whether RE4 is essential for r5 activity in
the context of a larger form of the enhancer we generated an
internal deletion of RE4 in the 809-bp BglII fragment (15).
This deletion of RE4 does not abolish segmental expres-
sion in r5 (Fig. 4E). Hence, RE4 may participate in stimu-
lating or maintaining r5 expression, but we detect its
activity only in the enhancer when other components
(BoxA, RE1–RE3) involved in mediating expression in r3
and r5 are altered.
Two TCT Motifs Are Required for Hoxa2 r3/r5
Expression
Having identified three new rhombomeric elements
(RE1–RE3) in the Hoxa2 enhancer that are required for r3/r5
activity, in addition to the BoxA motif and the Krox20 sites,
we compared these sequences to search for common motifs.
RE2 has nothing in common with the other domains and is
also divergent when compared with the same region in
chick (Fig. 1B). However, RE1 and RE3 both have conserved
8-bp TCT motifs, sharing a core consensus of 59-CTT/
GAAGG-39 (Figs. 3A and 3B). To test the role of these
specific sites within the rhombomeric elements we made
individual deletions of the 8-bp motifs in the context of the
entire enhancer. Eliminating the TCT motif in RE3 (22)
results in a loss of r3 expression (Fig. 5A) and deletion of the
TCT motif in RE1 (23) abolishes both the r3 and the r5
domains (Fig. 5B). However, one embryo with construct 23
left of each panel. The solid black arrowhead indicates changes in
expression in the r3 domain and the white arrow indicates changes
in r5 expression. All embryos are shown in dorsal views at 9.5 dpc
and all TCT mutations are 8-bp deletions. (E) A diagram showing
the organization of the Krox20 (purple ovals), Box (blue rectangles),
and TCT motifs (yellow diamonds) in the Hoxb2 and Hoxa2
enhancers. In the Hoxa2 enhancer separate elements direct expres-
sion in r4 derived ncc (green oval) and in the Hoxb2 enhancerFIG. 5. Functional analysis of TCT motifs from the Hoxa2 and
Hoxb2 enhancers. (A) Mutation of the TCT motif in the RE3
element of the Hoxa2 enhancer specifically abolishes expression in
3. (B) Mutation of the TCT motif in the RE1 element of the Hoxa2
nhancer eliminates transgene expression in r3 and r5 but does not
nfluence staining in r4 derived neural crest cells (ncc), which is
ediated by separate elements in the enhancer. (C, D) A wild-type
r control (con) Hoxb2 enhancer directs robust expression in r3, r4,
nd r5 (C) (Maconochie et al., 1997) and a similar pattern is seen
hen both Hoxb2 TCT motifs (DTCT) are mutated together (D). Inindependent elements mediate expression in r4 (orange oval).
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476 Maconochie et al.had residual expression in r5 (data not shown). These
results show that the TCT elements in RE1 and RE3 are
functionally important for enhancer activity. These pre-
sumably serve as binding sites for similar factors that
potentiate Hoxa2 enhancer activity dependent upon the
Krox20 and BoxA sites.
The role of these TCT motifs in the Hoxa2 enhancer
prompted us to determine whether similar elements are
also present in the Hoxb2 r3/r5 enhancer. In a previous
study we demonstrated that the Krox20 and Box1 sites in a
580-bp region of the Hoxb2 enhancer were not sufficient to
direct r3/r5 expression, unless the fragment was multimer-
ized (Sham et al., 1993). However, if an additional 122 bp of
59 sequences were added, a single copy of this region was
sufficient to mediate reporter expression at high levels in r3
and r5 (Sham et al., 1993). This suggested that elements
within the 122-bp fragment served to elevate enhancer
activity dependent upon the Krox20 sites. In this regard, it
is intriguing that we found two TCT motifs in this 122-bp
region of the human, mouse, and chicken Hoxb2 loci (Figs.
3B and 5E). To test the role of these motifs in the Hoxb2
enhancer we generated constructs with both TCT elements
deleted. However, removal of these sequences in the Hoxb2
enhancer did not abolish segmental expression of the re-
porter gene (Figs. 5C and 5D), indicating that they are not
essential for its activity. Therefore, in the Hoxa2 and
oxb2 enhancers TCT motifs along with BoxA motifs are
ommon elements associated with the Krox20 binding
ites, but the relative degree to which both the TCT and
ox motifs are required for activity in the Hoxa2 or Hoxb2
nhancers is different.
Differences in the Dependence of Hoxa2 and
Hoxb2 on Krox20
Our experiments with the Hoxa2 enhancer have revealed
that its segmental regulatory activity involves the recruit-
ment of factors binding to at least five elements (BoxA,
RE1–RE4) in addition to the Krox20 sites. There are many
similarities between the elements in Hoxa2 and Hoxb2 that
regulate r3/r5 expression, but there is also one obvious
difference. It appears that there are elements (RE4) in the
Hoxa2 enhancer that are separate from the other activities
involved in r3/r5 regulation. These elements can facilitate
expression in r5 but not r3, even when some of the compo-
nents necessary for r3 and r5 activity are mutated. This
difference uncovered by transgenic analysis suggests that in
comparison to Hoxb2, the Hoxa2 enhancer may have dif-
ferent degrees of dependence upon Krox20 for some aspects
of segmental expression. To test this idea we have exam-
ined the genetic dependence of these two different Hox
enhancers on Krox20, by mating transgenic lines carrying
these enhancers linked to a lacZ reporter into a Krox20
mutant background (Swiatek and Gridley, 1993). Embryos
were examined between 8.5 and 9.5 dpc, where previous
analysis has shown that r3 and r5 cells are still present in
the Krox20 mutant hindbrains, before being eliminated at i
Copyright © 2001 by Academic Press. All rightlater stages (Schneider-Maunoury et al., 1993). In the case of
Hoxb2, reporter expression seen in a wild-type background
is completely abolished in r3 and r5 of homozygous
Krox202/2 mutant embryos carrying the transgene (Figs.
6D–6F). In contrast, transgene expression mediated by the
Hoxa2 enhancer is reduced or lost in r3 but staining is still
maintained in r5 in the Krox202/2 mutant background
(Figs. 6A–6C). These results independently correlate at the
genetic level with our previously unexpected differences in
the relative dependence of the Hoxa2 and Hoxb2 enhancers
on Krox20, with respect to r5 activity. This is also consis-
tent with our transgenic regulatory analysis and suggests
that additional elements, such as RE4 in the Hoxa2 en-
hancer, recruit factors to the enhancer that facilitate r5
expression and are able to partially overcome a strict
dependence on Krox20. Furthermore, this analysis also
highlights differences in the regulation of events in r3
and r5.
DISCUSSION
In this study we have performed a detailed functional
analysis on the segmental regulation of a Krox20 target gene
uring hindbrain development. Using the mouse Hoxa2
3/r5 enhancer as a model this work has revealed that a
urprising number of cis-elements and regulatory compo-
ents contribute to segmental activity. Krox20 is known to
e a direct transcriptional activator of this enhancer, but we
ave identified five additional regions flanking the Krox20
inding sites (RE1–RE4 and BoxA) that also play a role in
irecting r3 and r5 expression. Most of these elements are
onserved in the analogous regulatory region of the Hoxa2
ene from other vertebrates. This suggests that these ele-
ents play a common role in working with Krox20 as part
f an evolutionarily conserved regulatory mechanism to
otentiate segmental expression of Hoxa2 in vertebrate
indbrain patterning. Two regions (RE1 and RE3) share
ommon TCT motifs, indicating that they interact with
imilar cofactors.
Comparison of the Hoxa2 enhancer with a related r3/r5
nhancer from the paralogous Hoxb2 gene has uncovered
oth similarities and differences in its organization and
egulatory properties. Box and TCT motifs occur in close
roximity to the Krox20 sites in both enhancers, suggesting
hat they are common core components of Krox20 target
ites that function in vivo. A difference is that Hoxa2 has
nique components that can stimulate activity in r5. These
lements appear to be involved in the surprising differences
n the degree of dependence of the Hoxa2 and Hoxb2
nhancers for r5 expression in Krox20 mutant backgrounds.
ogether, our findings have provided insight into the nature
nd complexity of cis-regulatory mechanisms used by
rox20 and other factors to direct the proper segmental
atterns of Hox expression essential for specifying regional
dentity. The results raise several interesting issues with
s of reproduction in any form reserved.
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477Differences in Krox20 Regulation of Hoxa2 and Hoxb2respect to the diversity and evolution of Krox20 target sites
and Hox regulatory regions in vertebrates.
The Importance of CTTT Box Motifs
The deletion of the BoxA motif (59-CTTTGT-39) in the
Hoxa2 enhancer demonstrates that it is important for r3/r5
activity (Fig. 2D). Together with our previous analysis of a
related Box1 motif in Hoxb2 (Vesque et al., 1996), it is
pparent that the close proximity of these Box motifs to
rox20 sites is a common feature important for mediating
ransactivation on Krox20 target genes. Consistent with
his idea, the EphA4 r3/r5 enhancer has eight Krox20
inding sites important for its activity (Theil et al., 1998),
nd four Box motifs appear near Krox20 sites (1, 2, 3, and 8)
n this 470-bp Krox20-dependent enhancer (Fig. 3C). De-
pite these sequence similarities, we have found important
ifferences in the regulatory potential of the different Box
otifs. Multimers of Box1 from Hoxb2, in combination
ith its adjacent Krox20 site, are sufficient to direct r3/r5
xpression, while this is not the case with the Hoxa2 BoxA
lement. The basis of this difference may be related to
equence divergence or the relative spacing of these motifs
ear their Krox20 sites, as this interval is 17–19 bp in
oxb2 and 4 bp in Hoxa2 (Fig. 3; and Vesque et al. (1996)).
The identity of the factor(s) binding to the Box motifs is
not known, but we noted some similarity to Sox consensus
binding sites. Gel-shift assays have shown that Sox2 and
Sox3 can bind to Box1 and BoxA in vitro, but transactiva-
tion experiments in transgenic mice involving ectopic ex-
pression of Krox20 and Sox2 or Sox3 fail to induce reporter
activity above that of Krox20 alone (data not shown).
Hence, while Sox proteins may interact with the Box motifs
we currently have no in vivo evidence that alone they
synergize with Krox20 to potentiate these Hox enhancers.
The Conservation and Roles of the TCT Motifs
The TCT motifs (59-TCTG/TAAGG-39) in RE1and RE3
are an essential part of stimulating Hoxa2 enhancer activity
in r3 and r5, mediated by the Krox20 and Box components.
wo TCT motifs are also found in close proximity to the
ox1 and Krox20 sites in Hoxb2 (Figs. 3B and 5E). Further-
more, sequence analysis of the EphA4 r3/r5 enhancer indi-
cates that there are three TCT motifs positioned near and
dispersed among the Box and Krox20 sites (Fig. 3B). There-
fore, in the three Krox20 target genes currently identified
EphA4, Hoxa2, and Hoxb2) we find a common theme,
hereby Krox20, Box, and TCT motifs are all present in a
ested or interdigitated manner, although the relative num-
ers and respective positions of these motifs vary in each
ase. This indicates that these motifs define frequently used
ore components of Krox20 responsive regions in vivo. It
will be important to see whether they are present in other
Krox20 target genes or in genes regulated by related zinc
finger proteins, like Krox24 or WT1, which have in vitro
binding specificities similar to those of Krox20. In the latter b
Copyright © 2001 by Academic Press. All rightcase these motifs might help to discriminate between
family members or modify in vivo binding of family mem-
bers.
What is the role of the TCT motifs? The TCT motifs are
essential for r3/r5 expression directed by the Hoxa2 en-
ancer (Fig. 5), but they do not act as enhancers capable of
irecting spatially restricted expression when tested by
hemselves (data not shown). Hence, we favor the idea that
hey function to elevate or potentiate spatially restricted
xpression controlled by the Krox20 sites. Factors binding
o the TCT motifs could elevate expression by increasing
he binding affinity of Krox20/Box factors, by increasing
heir transcriptional activation, or by some other mecha-
ism.
Mutation of the TCT motifs in the Hoxb2 enhancer does
ot abolish reporter expression in r3/r5 (Fig. 5D). However,
onsistent with their potential roles in Hoxa2 they might
ontribute to Hoxb2 activity by modulating levels of ex-
ression, which is not easily monitored in transgenic re-
orter assays. In the case of Hoxb2, even in the absence of
hese TCT sites, there may be sufficient activity to direct
ome reporter expression in r3 and r5. The finding that TCT
ites are essential in one context and not another may
eflect differences in the properties of the Krox20 and Box
ites in the Hoxa2 and Hoxb2 enhancers themselves. There
s only a single Krox20 site in the chicken Hoxa2 enhancer
nd two in the mouse (Fig. 1B), but the EphA4 Krox20 target
ene, as noted above, has at least eight sites that contribute
o expression (Theil et al., 1998). Hence, the sequence and
rrangement of the Krox20/Box motifs in Hoxa2 may rep-
esent a relatively low-affinity site that strongly depends
pon the TCT motifs to facilitate expression. This con-
rasts with the multiple Krox20 sites and Box motifs of
oxb2 and EphA4, which could be examples of high-
ffinity or reiterated target sites that do not require the
ctivity mediated by the TCT motifs to as great a degree.
his is not unreasonable as multimerized versions of the
oxb2 Krox20/Box motif are more efficient at directing
3/r5 expression than those of Hoxa2.
The close juxtaposition of Krox20/Box and TCT motifs
nd a differential requirement for one component (TCT) in
wo separate enhancers are very similar to recent findings
n the relationship between Hox, Pbx, and Meis homeodo-
ain binding sites. These three sites are clustered together
n different numbers in many in vivo Hox target sites and
efine a core Hox responsive element. Pbx/exd and Meis/
rep/Hth proteins are important cofactors for modifying the
pecificity and activity of Hox proteins on target sites (Chan
t al., 1997; Mann and Chan, 1996; Po¨pperl et al., 1995;
ieckhof et al., 1997; Ryoo et al., 1999). Enhancers from the
oxb1 and Hoxb2 genes that direct expression in r4 have
een identified and shown to contain Hox and Pbx sites,
oth of which are essential for segmental activity (Ma-
onochie et al., 1997; Po¨pperl et al., 1995). Binding sites for
he Prep/Meis family of homeodomain proteins are also
ound adjacent to the Hox/Pbx sites in these two enhancers,
ut mutations in the Meis motifs abolish the activity of
s of reproduction in any form reserved.
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478 Maconochie et al.only the Hoxb2 enhancer and not Hoxb1 (Ferretti et al.,
2000; Jacobs et al., 1999). This type of differential require-
ment for Meis/Hth elements has been attributed to context-
dependent variations in both the number and the arrange-
ment of the Hox/Pbx sites (Ferretti et al., 2000; Jacobs et al.,
1999; Ryoo et al., 1999). Therefore, despite variations in the
relative contributions that each component may make to
overall activity, the study here on Krox20 target sites and
those of Hox target sites illustrate the importance of defin-
ing common components of regulatory regions for predict-
ing and investigating downstream target genes from the
FIG. 6. Differential dependence of the Hoxa2 and Hoxb2 enhance
of embryos carrying the Hoxa2 r3/r5 enhancer in a wild-type (Wt) (
views of reporter staining in the hindbrain of embryos from a trans
n a wild-type (D) or homozygous Krox202/2 mutant background
3 domain and the white arrow indicates changes in the r5 expresemerging genomic databases.
Copyright © 2001 by Academic Press. All rightRegulation in r5 and RE4
When the r3/r5 activity of the Hoxa2 enhancer is com-
promised by mutating the BoxA motif or sequences in
RE1–RE3, we frequently detected the persistence of expres-
sion in r5 in a significant but variable number of embryos.
This shows that another sequence in the enhancer has the
ability to potentiate expression in r5 but not r3 and we
mapped this activity to RE4, a region conserved between
mouse and chick (Fig. 3A). The unexpected finding that
expression of the Hoxa2 reporter is maintained in r5 in the
Krox20 mutant background provides genetic support for an
Krox20. (A–C) Dorsal views of reporter staining in the hindbrain
homozygous Krox202/2 mutant background (B, C). (D–F) Lateral
line carrying a minimal Hoxb2 r3/r5 enhancer (Sham et al., 1993)
. The solid black arrowhead indicates changes in expression in the
Embryonic stages: (A, C, D and F) 9.25 dpc; (B, E) 8.75 dpc.rs on
A) or
genic
(E, F)activity like RE4 to partially overcome the loss of Krox20.
s of reproduction in any form reserved.
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479Differences in Krox20 Regulation of Hoxa2 and Hoxb2RE4 does not behave as an r5 enhancer by itself when linked
to a reporter gene (data not shown). Hence, it appears to be
involved in stimulating activity and like RE1–RE3 it re-
quires other sequences in the enhancer to exert its influ-
ence on spatial expression. This could involve the Krox20
sites or other uncharacterized spatial elements in the en-
hancer. One factor that might have been expected to have
an input into RE4 activity is kreisler, based on its expres-
sion and function in hindbrain segmentation (Cordes and
Barsh, 1994; Manzanares et al., 1999a,b). However, gel-shift
assays failed to detect any kreisler binding to this region
(data not shown).
An interesting observation from our studies is that when
the Krox20 sites in the Hoxa2 enhancer are mutated we
ever detect reporter expression in r3 or r5 despite having
xamined a large number of embryos (Fig. 2C; Nonchev et
l. (1996b)). However, when the upstream factor that binds
o this site, Krox20, is lost, there is still residual activity in
5 (Figs. 6B and 6C). This suggests that the Krox20 sites
hemselves are essential for residual activity of the en-
ancer in r5 in combination with RE4, but that in the
bsence of Krox20 protein another protein interacts with
equences at or overlapping with the Hoxa2 Krox20 site to
potentiate activity. This might be another zinc finger fam-
ily member, such as Krox24, or a novel protein recruited by
factors that bind to RE4.
Conservation of Control Elements
The Hox genes and many of their associated regulatory
egions arose by duplication and divergence from a common
ncestor (Krumlauf, 1992). Hence, examining evolutionar-
ly related enhancers, such as those that we have character-
zed here, provides critical insights into the degree to which
egulatory components and their organization are con-
erved. As noted above we find evidence for conservation of
he factors that interact with the common Krox20, Box, and
CT motifs in these Krox20 target genes. However, not
verything is conserved or organized in a completely iden-
ical manner. In comparing Hoxa2 and Hoxb2 or even
comparing the same regulatory region in different verte-
brates, we can see differences in the general composition
and organization of important cis-elements. This type of
attern is also seen for the kreisler-dependent r5 and r5/r6
nhancers from the Hoxb3 and Hoxa3 genes (Manzanares et
l., 1997, 1999a,b) and the Hox/Pbx/Meis-dependent r4
nhancers from Hoxb1 and Hoxb2 (Ferretti et al., 2000;
Maconochie et al., 1997; Po¨pperl et al., 1995). Together,
these results illustrate that there is a set of common or
conserved core components, such as Krox20, kreisler, or
Hox, required for the specificity or restricted regulatory
potential of an enhancer. Many other factors or cis-
elements may serve to potentiate their activity and some of
these may also be conserved (Box, TCT, Pbx, Meis) but
others can vary between species and within a species (RE3,
RE4). Hence, it is clear that these enhancers depend upon a
common core of elements to integrate information from
Copyright © 2001 by Academic Press. All rightmultiple cis-acting elements. While the common core com-
ponents are conserved, the exact repertoire might vary in
number or organization, even between vertebrate species,
depending upon which accessory factors they utilized to
potentiate their activity.
In conclusion, we have defined an array of cis-elements
that are involved in regulating the activity of the Krox20
target gene Hoxa2. This has allowed us to make compari-
sons with two other Krox20-dependent control regions and
identify three recurrent motifs that appear to constitute key
aspects of a functional Krox20 response element in vivo.
This information will be of predictive value in searching for
and evaluating other potential Krox20 targets from database
sequences. The variations in numbers, arrangement, and
sequence identities, even for the highly conserved control
regions that we have characterized, highlight the difficul-
ties ahead in making efficient use of functional data on
regulatory regions for genomic sequence analysis.
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